In cytological studies of yeast cells and spheroplasts, it was found that viable cells of Candida utilis and Saccharomyces cerevisiae lose the major part of their ultraviolet-absorbing constituents to the surrounding medium when exposed to ribonuclease. This result is in disagreement with earlier statements in the literature according to which the yeast cell is impervious to the action of ribonuclease (Brachet, 1957; Necas, 1958; de Kloet, Van Wermeskerken, and Koningsberger, 1961) . A noteworthy exception is the report of Tokuno and Takada (1959) , who observed sensitivity to ribonuclease of yeast cells adapted to sodium chloride. The enzyme has been found effective on spheroplasts by de Kloet et al. (1961) and de Kloet, Van Dam, and Koningsberger (1962) , but the degree and mode of action differ in some respects from the present observations.
The present report deals with the conditions and the enzyme preparations necessary for action on whole yeast cells and spheroplasts. It explains the discrepancies from observations of earlier investigators and describes a simple method of preparing ghosts of yeast cells with low content of ribonucleic acid (RNA).
MATERIALS AND METHODS
Yeast culture. The strains of yeast employed were C. utilis ATCC 9950 and S. cerevisiae ATCC 7752. For production of cells for the experiments, heavy inocula were transferred into liquid medium of the following composition (per liter of distilled water): KH2PO4 , 10 g; K2HP04, 5 g; (NH4)2S04, 2 g; trisodium citrate, 0.3 g; MgCl26H20, 0.1 g; MnS04-7H20, 0.1 g; CaCl2, 0.1 g; ZnSO4g7H20, 0.1 g; glucose (sterilized separately), 15 g. For the culture of S. cerevisiae, the medium contained 5 g of dehydrated yeast extract (Difco) in addition to the ingredients listed above. A 20-ml amount of culture medium in a 125-ml Erlenmeyer flask was inoculated and incubated for 24 hr on a rotary shaker at 30 C. This was transferred into 100 ml of the same culture medium in a 500-ml Erlenmeyer flask, and the incubation was continued under the same conditions for 40 to 48 hr. In some instances, the cultures were supplemented with sulfur amino acids to obtain cells with a high content of ultraviolet-absorbing material (Svihla and Schlenk, 1960) . Such cells are also particularly suitable for the preparation of spheroplasts.
The cells (about 3 g, wet weight) were separated by centrifugation and washed twice by suspension in large amounts of distilled water. When stored moist at slightly above freezing temperature, they remained suitable for experimentation up to 2 weeks. After storing for more than a few days, an additional washing with water prior to use was found advisable.
For determination of the viable count, plating was done in triplicate on Plate Count Agar (Difco). Glucose was added to a concentration of 2%, and the pH was adjusted to 5.0 by addition of acetic acid.
Preparation of spheroplasts. Snail gut extract (L'Industrie Biologique Frangaise, Gennevilliers, Seine, France) was used. The viscous material was diluted with 2 volumes of 1 M mannitol and cleared by centrifugation. A 1-ml amount of the supernatant fluid was mixed with 4.0 ml of 1 M mannitol containing 250 mg of yeast cells obtained from a methionine-supplemented culture. After incubation for 2 hr at 25 C with gentle agitation, the spheroplasts were separated by low-speed centrifugation as outlined earlier (Svihla, Schlenk, and Dainko, 1961) . They were washed three times with 10 ml of 1.0 M mannitol and suspended in 10 ml of the same solution. All operations were carried out in the absence of buffer. The completeness of conversion of the cells to spheroplasts was checked by microscopy, and by comparing the ultraviolet absorption at 260 m,u of a lysate with that of a perchloric acid extract, as follows. Small quantities of the spheroplast suspension were diluted with 5 volumes of water and 1.5 N perchloric acid and cleared by centrifugation. The absorbancy values of the supernatant solutions should be similar; a higher reading of the perchloric acid extract would indicate the presence of unaltered cells in the spheroplast preparation. The measurement of the ultraviolet absorbancy also permits suitable dilution with mannitol to a concentration of spheroplasts in the experiments similar to that of the cells. Ribonuclease preparations. All ribonuclease preparations were of commercial origin, with the exception of one (F. S. 41) that had been prepared shortly after the appearance of Kunitz's (1940) outline; it had been stored at room temperature. The water solutions of these preparations were found to be stable when stored in the frozen state. Chromatographically purified ribonucleases A and B were obtained from the Sigma Chemical Co., St. Louis, Mo., and from Worthington Biochemical Corp., Freehold, N.J. The method of Kalnitsky et al. (1959) was used for determination of the enzyme activity in vitro with yeast ribonucleic acid.
Experimental technique. The incubation of yeast with ribonuclease was carried out in Erlenmeyer flasks with rotary agitation at 30 C. A 5-ml amount of yeast suspension, or multiples thereof, containing 2 mg of cells per ml, were treated with 0.01 to 1.0 mg of ribonuclease per ml, in the absence of buffer solution; 5-ml samples were withdrawn at the desired times and centrifuged. The possibility that cellular constituents would be extruded by mechanical pressure was ruled out by control experiments with low-speed centrifugation or mere sedimentation of the cells after enzyme action; the same ultraviolet absorbancy was obtained in each case. In the experiments with spheroplasts, centrifugation at speeds not exceeding 1,000 X g was used. After removal of spheroplasts and debris in this way, the supernatant fluid was cleared further by high-speed centrifugation.
Because of the absence of buffer, the pH values of the solutions were measured in critical experiments; they ranged between 6 and 7.
Spectrophotometry of the supernatant fluid was carried out at 260 mj, without further treatment. In some instances, the values obtained were corrected for the absorbancy of the enzyme protein at 260 mu; this was found to be near 0.4 for 1.0 mg/ml at a light path of 1 cm. Since the concentration of the enzyme usually was much lower, the corrections were small compared with the absorbancy caused by the release of cellular constituents.
The colorimetric procedure of Fiske and SubbaRow (1925) served for the assay of phosphates, and the method of Lowry et al. (1951) was used for protein determination. The maximal quantity of ultraviolet-absorbing constituents that could be extracted from the yeast cells was determined by treatment of 10 mg of cells with 5.0 ml of 1.5 N perchloric acid. After agitation for 1 hr at room temperature, the cell debris was removed by centrifugation. Repeated extraction, even at the temperature of a boiling-water bath for 10 min, did not yield further significant quantities of ultraviolet-absorbing material.
RESULTS
The release of ultraviolet-absorbing material from cells of C. utilis into the suspending water under the influence of various quantities of ribonuclease is shown in Fig. 1 . Without enzyme, the diffusion of absorbing material from the cells was insignificant. With large quantities of ribonuclease, the enzymatic release amounted to 60 to 80% of that achieved with 1.5 N perchloric acid (Fig. 1) . The identity of the ultraviolet-absorbing material with nucleotides and nucleic acid fragments is indicated by the ultraviolet-absorption maximum at 260 m,u. Extraction of the cell residues with 1.5 N perchloric acid gave ultraviolet absorbancies accounting for the material that had not been released by the enzyme ( It was ascertained that the effect of ribonuclease described here is not restricted to one particular enzyme preparation. Table 1 shows the effect of a variety of preparations on C. utilis as well as on S. cerevisiae. The enzymes were all repeatedly recrystallized which does not exclude, however, the presence of trypsin or other proteolytic enzymes. Concerted action of several enzymes on the cells seemed possible. This became improbable when it was found that the selective destruction of the proteolytic enzymes by heat, according to McDonald (1949a, b) , did not alter the effect of the preparations. The possibility that age of the cells has an effect on their sensitivity to ribonuclease was tested with 7-and 16-hr cultures of C. utilis. The effect of recrystallized ribonuclease on these cells was virtually the same as that given in Fig. 1 .
Further experiments showed that buffer solutions were inhibitory to the action of ribonuclease on yeast cells (Fig. 3) . Identical observations were made with a variety of salt solutions.
The release of nucleic acid components ( Fig. 1  and 3 ) showed an unusual time course of enzyme action. Prolonged incubation with small quantities of enzyme did not yield more gradual release of cellular constituents to a final level approaching that obtained with larger amounts of ribonuclease. Inhibitory action by one of the products seemed to be indicated. To test this point, yeast cells were suspended in water as usual and treated with 0.05 mg of enzyme per ml (Fig. 4) . After 2 hr, another quantity of 0.05 mg of enzyme per ml was added, which should have brought the release to the level reached with an initial addition of 0.1 mg/ml. This, however, was not attained. At best, 30 to 40% of the expected additional release was observed, and, often, the effect remained insignificant (Fig. 4) (Fig. 4) .
Further experiments illustrating the inhibition are given in Fig. 5 . Again, the samples were exposed to 0.05 mg of enzyme per ml; after 120 min, the cells were separated from the supernatant fluid by centrifugation, washed with water, resuspended, and treated with another quantity of enzyme. This resulted in the release of additional nucleic acid material. However, even after washing, the level attained by addition of 0.1 mg of enzyme at the outset was not reached by two successive additions of 0.05 mg of enzyme. To the supernatant fluid of the centrifugation, fresh cells were added. No ultraviolet-absorbing material was released from these cells, which indicates the previous loss of enzyme or the presence of inhibitory substances. The latter was borne out in a parallel experiment in which the supernatant fluid, fresh cells, and additional enzyme were incubated; no release of ultraviolet-absorbing constituents from the cells was observed. The slight decrease in absorbancy of the supernatant medium may be explained by adsorption of the enzyme on the surface of the yeast cells.
It appeared possible that the inhibitory material released by the cells is identical with one or several inorganic cations. The inhibitory effect was tested by addition of graded amounts of cations to the reaction mixtures. This was done under the assumption that the extraneous ions would act in the same way as the inhibitory material released from within the cells. The quantities of ultraviolet-absorbing material released into the supernatant medium precluded the possibility that only nucleic acid constituents of the cell wall or membrane are attacked by ribonuclease. To gain further insight into the mechanism, the analyses of the supernatant fluid were extended to phosphate and protein ( Svihla et al. (1961) , the range of 0.8 to 1.2 M mannitol is isotonic as judged by the stability of spheroplasts. Cells from methioninesupplemented culture were included in these experiments. They contain about the usual quantity of nucleic acid, and, in addition, they have S-adenosylmethionine in the vacuole which greatly increases the total quantity of intracellular ultraviolet-absorbing material (Svihla and Schlenk, 1960; Svihla, Dainko, and Schlenk, 1964) . The total amount of ultraviolet-absorbing compounds released from ordinary cells after 30 and 120 min was essentially the same whether in water or in mannitol solutions (Table 4) . However, when S-adenosylmethionine was present in the vacuoles, the quantity of this substance released in water after 120 min was more than that released in 0.8 and 1.2 M mannitol. In water, this material is released as fast as are the cytoplasmic constituents, which indicates destruction of the vacuolar membrane.
Present knowledge of the composition of yeastcell walls (Northcote, 1963; Phaff, 1963) virtually precludes a primary attack of ribonuclease on this part of the cell. The cytoplasmic membrane, however, is a suitable substrate because of its RNA content (de Kloet et al., 1962) . It is not clear how The action of chromatographically purified ribonuclease fractions A and B on spheroplasts resembled in most respects the effect of ordinary, recrystallized preparations on whole cells. The principal difference was the low activity of fractions A and B on whole cells. Because of the small pore size of yeast cell walls, it was considered that crude preparations of ribonuclease may contain small fragments with enzvmatic activity and the ability to penetrate to the cell membrane. A variety of ribonuclease-degradation products of small molecular weight has been recorded in the literature (Scheraga and Rupley, 1962; Ooi and Scheraga, 1964) . Our attempts to separate active small ribonuclease fragments from the commercial recrystallized preparations by dialysis and by Sephadex gel filtration were unsuccessful. It had to be considered, therefore, that the pore size of the yeast cell wall has been underestimated, and that the monomer (molecular weight, 14,000), which predominates in recrystallized preparations, can penetrate to the membrane, though dimer, tetramer, and higher polymers of ribonuclease are too large. The presence of these polymers in lyophilized chromatographic fractions was reported by Yphantis (1960) , Crestfield, * Cells from methionine-supplemented culture were used; spheroplasts were prepared from them by snail gut enzymes as described under Materials and Methods. Chromatographically purified pancreatic ribonuclease XII A and XII B (Sigma) were used. The incubation time was 30 min at 30 C; spheroplasts were suspended in 1.0 M mannitol; the cells were suspended in water. Osmotic shock was accomplished by diluting 1.0 ml of spheroplast suspension with 4.0 ml of water; the solution was cleared by centrifugation. Stein, and Moore (1962) , and Stein (1964) . These authors found that prolonged standing in water at room temperature or brief heating at 67 C reverses the polymerization. This treatment was tried with our ribonuclease fractions A and B, and they showed activity when tested with whole yeast cells (Table 6 ). The effect was smaller with S. cerevisiae than with C. utilis.
DISCUSSION
The negative results of earlier investigators who had studied the action of ribonuclease preparations on yeast cells appear to have been caused by several circumstances. The cells were exposed to the enzyme in the presence of buffer solutions, salts, or inhibitory organic substances. Even small quantities of these compounds suppress the release of intracellular nucleic acid components. Furthermore, the effect of ribonuclease preparations becomes apparent only when quantities are employed in excess of those in the usual enzyme assay. An explanation of this may be seen in the two-dimensional fixation of the substrate in the cell membrane, which restricts the action of the enzyme on it.
The present data cannot be explained in terms SCHLENK AND DAINKO cluded, but the activation of these inert preparations by heating suggests a different interpretation. The polymerized forms of the enzyme (Yphantis, 1960 (Yphantis, , 1964 Stein, 1964) may explain, in part, our observations. However, the quantity of polymers usually present in lyophilized ribonuclease preparations is not sufficient to account for all of the effect. An alternative or additional cause of the low activity of chromatographically purified enzyme preparations could be the conformational isomers which were reported by Craig, King, and Crestfield (1963) . The ease of depolymerization and conversion into the active form by heating lends support to this interpretation. The exclusion of ribonuclease isomers and polymers by the cell wall constitutes an interesting biological discrimination against variants of the enzyme.
Trypsin, which often is present in pancreatic ribonuclease preparations, seems to be excluded as a contributory factor because its destruction by heat, according to McDonald (1949a, b) (Carlisle and Scouloudi, 1951) . The enzyme, thus, might barely penetrate into the pores specified by Gerhardt and Judge (1964) , but their travel through the 30-to 40-m,u thickness of the walls appears improbable. It may be that the network of the isolated cell walls used by these authors had undergone shrinkage. and that the pore size in vivo is larger than 3.6 m,u. The turgidity of the spheroplast may stretch the cell walls, especially in water which was used as the suspending medium in the present experiments. Rothstein (1963) recently reviewed his extensive studies and the work of others on the binding of cations by the yeast-cell surface. Most of the investigations in this area have been concerned with the competitive action of ions with the binding of metabolites and their transfer through the cell membrane. Studies on the uptake of methylene blue (Hiraoka and Takada, 1957) and of pyronine (Takada and Tokuno, 1958) by yeast cells have led to observations on the sensitivity toward ribonuclease (Tokuno and Takada, 1959) . The discharge of ultraviolet-absorbing material was noted, and a correlation between metabolism and staining properties of the cells was reported. The concepts developed by these authors on the mode of competitive binding of cations, dyes, and ribonuclease are in agreement with our observations. The present comparison of the susceptibility of intact cells with that of spheroplasts toward cations and ribonuclease furnishes proof that the inhibition occurs on the cell membrane.
Our observations on the activity of the enzyme on spheroplasts, and on the inhibitory effects of Ca++ and Mg++, are in agreement with the data 434 J. BACTERIOL.
on August 15, 2017 by guest http://jb.asm.org/ Downloaded from of de Kloet et al. (1962) . However, far greater release of ultraviolet-absorbing material with smaller quantities of enzyme has been achieved by the omission of buffer solution.
The cessation of viability of yeast cells after contact with ribonuclease, and the large quantity of intracellular material released from cells and spheroplasts in a rather nonspecific way readily explain the observations of earlier workers on the decline of metabolism in the cytoskeletons remaining after ribonuclease treatment.
The decline in viability after contact with ribonuclease exceeds by far the effect of the enzyme in releasing ultraviolet-absorbing material from the cells. The latter remains small, whereas the death rate is high when the chromatographically purified ribonuclease fractions A and B are used. It is possible that the adsorption of the enzyme on the cell surface interferes with the intake of nutrients. An alternative would be high vulnerability of the cells during the budding process.
The initial objective of the present investigation has been the preparation of yeast-cell ghosts with reduced RNA content. This is easily achieved by the use of ordinary pancreatic ribonuclease preparations in the absence of salt and buffer. Current research concerns the cytological features of these cell residues. The incidental observations on the mode of action of ribonuclease, its polymers and conformational isomers, the interference of salts, and the porosity of the yeast cell wall deserve further exploration.
